Human pluripotent stem cells (PSCs) represent an attractive source of cardiomyocytes with potential applications including disease modeling, drug discovery and safety screening, and novel cell-based cardiac therapies. Insights from embryology have contributed to the development of efficient, reliable methods capable of generating large quantities of human PSC-cardiomyocytes with cardiac purities ranging up to 90%. However, for human PSCs to meet their full potential, the field must identify methods to generate cardiomyocyte populations that are uniform in subtype (e.g. homogeneous ventricular cardiomyocytes) and have more mature structural and functional properties. For in vivo applications, cardiomyocyte production must be highly scalable and clinical grade, and we will need to overcome challenges including graft cell death, immune rejection, arrhythmogenesis, and tumorigenic potential. Here we discuss the types of human PSCs, commonly used methods to guide their differentiation into cardiomyocytes, the phenotype of the resultant cardiomyocytes, and the remaining obstacles to their successful translation.
Introduction
Human pluripotent stem cells (PSCs) have garnered a high degree of interest because of their potential use in applications ranging from basic research to novel cell-based therapies and tissue engineering. While the field has developed well-defined protocols for the expansion of human PSCs in the undifferentiated state as well as their subsequent differentiation into cardiomyocytes, we still need improved methods to derive specific cardiac subtypes (i.e. nodal versus ventricular cardiomyocytes) and to promote their maturation into a more adult-like phenotype. These improvements would most likely be applied first to in vitro applications for human PSC-derived cardiomyocytes, for example, drug discovery and cardiotoxicity screening as currently envisioned by the pharmaceutical industry and regulatory agencies [1] [2] [3] . Investigators are already using human PSC-derived cardiomyocytes as in vitro models of incompletely understood monogenic diseases, such as channelopathies and cardiomyopathies [4] [5] [6] [7] [8] [9] . Moreover, if these cells are to advance to eventual clinical applications, a number of major hurdles must be overcome including graft cell death, immune rejection of the graft cells, and the risk of tumorigenesis. The heart is a particularly challenging target for human PSC-based therapies, at least if bona fide tissue regeneration ("remuscularization") is the goal, because the graft cardiomyocytes must undergo appropriate electromechanical integration and couple with host myocardium to contribute new force generating units without arrhythmias.
In this review, we will describe early progress in the field that led to the availability of human PSCs and human PSC-derived cardiomyocytes, the various approaches that have been pursued to generate populations of human PSC-derived cardiomyocytes at everimproving purities and scales, our current understanding of the phenotype of these cardiomyocytes, and the challenges that must be overcome if human PSCs are to become a practical source of heart cells for in vitro modeling and in vivo cardiac regeneration.
Pluripotent stem cells: definitions, origins, and early evidence for cardiac potential
In 1981, Martin reported the successful isolation and expansion of a PSC population from the inner cell mass of mouse blastocysts [10] . These cells were termed mouse embryonic stem cells (ESCs) to distinguish them from the previously described embryonal carcinoma cells, which also exhibit pluripotency (i.e. capacity to differentiate into cell types from all three embryonic germ layers). While mouse ESCs maintain their pluripotent phenotype when grown on a feeder layer of mouse embryonic fibroblasts (MEFs), Doetschman and colleagues found that, when removed from MEFs and placed into suspension culture with a high fraction of fetal bovine serum, mouse ESCs begin to differentiate and spontaneously form three-dimensional aggregates, termed embryoid bodies (EBs) [11] . These EBs contained differentiated cell types from all three embryonic germ layers, including a small fraction of spontaneously beating cardiomyocytes. When transplanted into syngeneic mice, these mouse ESCs formed teratomas that included cardiomyocytes among other cell types. In 1998, Thomson and colleagues reported the successful isolation of human ESCs from the inner cell mass of blastocysts that were left over from in vitro fertilization efforts [12] . As with their mouse ESC counterparts, human ESCs formed EBs when placed in suspension cultures in a high fraction of fetal bovine serum [13] . A subset of these EBs contracted rhythmically and expressed the cardiomyocyte marker α-cardiac actin. Kehat and colleagues more comprehensively phenotyped human ESC-derived cardiomyocytes obtained via the EB approach and showed that they expressed a variety of expected cardiac markers, including α-and β-myosin heavy chain, cardiac troponin I and T, myosin light chain (Mlc)-2a and 2v, atrial natriuretic factor, α-actinin, and the transcription factors Nkx2.5 and GATA4 [14] . Human ESC-derived cardiomyocytes also exhibited spontaneous electrical activity and intracellular calcium transients [14] .
The National Institutes of Health Human Embryonic Stem Cell Registry currently lists 303 human ESC lines that are eligible for U.S. federal research support [15] . All but one of these lines (the Elf1 human ESC line [16] ) are considered to be "primed" stage PSCs. Primedstage PSCs are thought to be analogous to cells in the post-implantation epiblast and are exemplified by mouse epiblast stem cells [17] . Cells representing the preimplantation inner cell mass are termed "naïve"-stage stem cells and are typified by mouse ESCs. Naïve stem cells can contribute to all lineages when injected into a blastocyst [17] , have two active X chromosomes in female cells [17] , express Oct4 regulated by the distal rather than the proximal enhancer [18] , and exhibit a number of other important differences from their primed-stage counterparts [16, 19, 20] . More recently, three groups of investigators have independently reported the de novo derivation of naïve-stage human ESCs as well as culture conditions for their maintenance [16, 18, 19] . Gafni and colleagues demonstrated that these naïve human PSCs could contribute to cross-species chimeras by microinjection into mouse morulas with subsequent organogenesis and embryo viability to E10.5 [19] . Different primed-stage human ESC lines have different cardiomyocyte differentiation potential [21, 22] and naïve human ESCs may have a more broad pluripotent potential comparatively [16] . However, to date, naïve human ESCs have only been differentiated in teratoma assays and we do not know how they will respond to the cardiomyocyte differentiation protocols that have been developed for primed-stage human ESCs.
The reprogramming of adult somatic cells into an ESC-like state was first described by Takahashi and Yamanaka in 2006, when they created so-called induced pluripotent stem cells (iPSCs) by the forced expression of four transcription factors (Oct3/4, Sox2, c-Myc, and Klf4) in mouse fibroblasts [23] . In 2007, both the Yamanaka [24] and Thomson groups [25] reported the successful generation of human iPSCs, albeit with slightly different sets of transcription factors. These early iPSCs were made with integrating viral vectors, which raised concerns about potential genetic alterations and neoplastic transformation. More recently, many groups have reported alternative approaches to produce iPSCs including the use of non-integrating viral and non-viral vectors or reprogramming via protein-, mRNA-, and small molecule-based methods [26] . Importantly, equivalent methods can be used to induce the cardiac differentiation of both human ESCs and iPSCs, and the resultant cardiomyocytes have comparable phenotypes, at least to first approximation [27] . Notwithstanding these similarities, there are important practical advantages and disadvantages to consider when selecting between ESC-and iPSC-derived cardiomyocytes for any potential application (summarized in Table 1 ).
In sum, there are at least two practical sources of human PSCs. As detailed in the next section, multiple ever-improving protocols have been developed to efficiently guide these PSCs into cardiomyocytes as well as the other major parenchymal cell types present in myocardium (Figure 1 ).
Approaches to obtaining pluripotent stem cell-derived cardiomyocytes

Lessons from embryology: epiblast to cardiac mesoderm
At the earliest stages of development, the inner cell mass of the blastocyst expands to form the epiblast that will eventually give rise to all fetal tissue structures. After this expansion, the embryo begins the process of gastrulation, which is initiated by the formation of the primitive streak at the epiblast-extraembryonic border. The primitive streak, marked by expression of the transcription factor Brachyury T [28] , expands in the developing embryo in part due to the contribution of neighboring epiblast cells that undergo an epithelialmesenchymal transition (EMT) and migrate into the primitive streak [29] . Cells exiting the primitive streak initially contribute to extraembryonic structures, but they later give rise to embryonic structures including the heart [30] . The heart forms from the cardiac mesoderm which arises from the anterior primitive streak. The formation and patterning of this cardiac mesoderm is largely controlled by gradients of a number of critical signaling molecules including Nodal, Wnt, and bone morphogenetic protein 4 (BMP4). (For more details about these signaling events, the reader is referred to an excellent review by Gadue and colleagues 2005 [31] .) Perhaps not surprisingly, investigators in the stem cell field have found that these same signaling molecules are required for the cardiac differentiation of human PSCs, and this has led to the development of multiple guided cardiac differentiation protocols based on the manipulation of Nodal/activin, Wnt, and/or BMP4 signaling [31] [32] [33] [34] [35] .
"Spontaneous" differentiation via embryoid bodies
As noted above in Section 2, Doetschman and colleagues first demonstrated that cardiomyocytes could be obtained spontaneously by placing mouse ESCs into suspension cultures and forming EBs [11] . This aggregation leads to non-directed cardiomyocyte differentiation in a process that somewhat recapitulates normal embryonic development. Kehat and colleagues later used a similar approach to obtain human ESC-derived cardiomyocytes (Figure 2A ) [14] . Briefly, human ESCs are removed from the MEF feeder layer used to maintain pluripotency and placed into suspension cultures for 7-10 days to form EBs. These EBs are then collected and replated onto gelatin-coated tissue culture plates. While this approach does produce cardiomyocytes, it is quite inefficient with only approximately 10% of the replated EBs showing foci of spontaneous contractile activity [14] . Because the resultant cardiomyocytes represent at best 1% of the total cell population, these spontaneous beating areas must be manually microdissected to obtain sufficient cardiomyocytes for even small-scale in vitro experiments. Xu and colleagues later refined these EB-based methods and added a Percoll gradient centrifugation step to obtain enriched populations of up to 70% human ESC-derived cardiomyocytes [36] .
Directed differentiation methods
3.3.1. Endoderm-directed differentiation-Endoderm-derived signals are known to play a critical role in cardiogenesis [37] [38] [39] . Mummery and colleagues exploited this information by exposing human ESCs to factors from mitotically inactivated END-2 cells, visceral endoderm-like cells derived from an embryonal carcinoma cell line [40] . Human ESCs, when co-cultured with END-2 cells or exposed to serum-free medium conditioned by END-2 cells, differentiate into cardiomyocytes with an efficiency of approximately 25% [41] . To work effectively, this protocol required the elimination of insulin and insulin-like growth factor signaling, which otherwise favors neuroectodermal differentiation [42] .
3.3.2.
Manipulation of nodal/activin and/or BMP4 signaling-While the preceding cardiac differentiation protocols involving fetal bovine serum or endoderm-derived factors did yield human ESC-derived cardiomyocytes, they were inefficient, poorly scalable and not suitable for clinical grade cell production. As such, these early methods have since been largely supplanted in the field by alternative approaches that employ defined signaling factors and serum-free culture conditions. As noted above in Section 2.1, these newer protocols build on insights from developmental biology, including prior work showing the critical roles of Nodal and BMP4 signaling in cardiogenesis [31, [43] [44] [45] . The first of these directed differentiation methods was reported by our group and involved the serial application of activin A (as a substitute for Nodal) and BMP4 [46] . In brief, in our protocol ( Figure 2B ), human ESCs are cultured in MEF-conditioned medium on Matrigel-coated substrates [47] until they form a compact monolayer. (Matrigel is an extract of basement membrane proteins secreted by Engelbreth-Holm-Swarm mouse sarcoma cells [48] ). The human ESC cultures are then switched to differentiating conditions by replacing the MEFconditioned medium with serum-free, defined medium (RPMI 1640 medium supplemented with B27 serum substitute) containing activin A. 24-hours later, the activin A-supplemented medium is removed and replaced with medium instead supplemented with BMP-4. The latter is left on for 4 days, and then the cultures are re-fed every other day with fresh media with no exogenous growth factors. By this protocol, spontaneous beating is typically observed approximately 8-12 days after the initial induction of differentiation with activin A. This protocol reliably results in populations of >30% cardiomyocytes (range: 30-60%) that can be further enriched to >80% cardiomyocyte by Percoll gradient centrifugation. We estimated that each starting undifferentiated human ESC yields three cardiomyocytes, an efficiency that greatly exceeds that obtained with historical, non-directed ("spontaneous") EB-based methods [49].
3.3.3. "Matrix Sandwich" protocol-Zhang and colleagues [50] reasoned that the extracellular matrix is important for cardiomyocyte differentiation since it: 1) interacts with surrounding cells to support cell migration, 2) enables cross-talk between receptors for extracellular matrix and growth factors, 3) is able to sequester cytokines and growth factors, 4) transduces mechanical forces to associated cells, and 5) provides a dynamic environment over the course of differentiation providing additional cues to local cells. With this in mind, they modified the monolayer-based approach described in the preceding section with the addition of a Matrigel overlay step at two critical points in the differentiation process: when the initial human ESC monolayer approaches confluence and at the time of activin A treatment ( Figure 2C ). This addition of Matrigel was shown to promote an EMT akin to that in gastrulation and boosted the efficiency of cardiogenesis across multiple human ESC and human iPSC lines. Cardiomyocyte purities ranged from approximately 40 to 90%, and the authors estimated yields of up to 11 cardiomyocytes per starting undifferentiated cell. However, the application of Matrigel specifically has two potential drawbacks: its nonhuman origin raises potential concerns about xenogeneic pathogens, plus it exhibits significant lot-to-lot variation. Hence, for in vivo applications, it would be helpful to identify a better defined or recombinant human matrix alternative with comparable efficacy in this protocol.
3.3.4.
Manipulation of Wnt signaling-Wnt/β-catenin signaling plays a biphasic role in heart development with early canonical Wnt ligands stimulating mesoderm induction, while Wnt activation at later timepoints inhibits cardiogenesis [32, 35, 51, 52] . Indeed, the preceding Nodal/activin-and BMP4-based cardiac differentiation protocols are likely dependent on endogenous Wnt signaling, as evidenced by the fact that human ESC cultures showing poor cardiac induction by these methods are distinguished by minimal to no upregulation of Wnt1, Wnt3a, and Wnt8a [32] . Keller and colleagues exploited this information in the development of differentiation protocols for mouse [53] and human [35] PSCs that combine manipulation of Nodal/activin, BMP4 and Wnt signaling in a sequential manner, i.e. as the cultures go through specific stages of cardiac differentiation including primitive streak and mesoderm formation, cardiac mesoderm specification, and cardiac lineage specification. In brief, in their methods ( Figure 2D ), human EBs are formed by feeder depletion followed by low-attachment culture in serum-free medium supplemented with BMP4 in 5% oxygen [35] . After 24 hours, the BMP4 is replaced with activin A and bFGF for 3 days to induce primitive-streak and mesoderm formation. The cells are then treated with the Wnt inhibitor Dkk1, VEGF and later bFGF to support cardiovascular lineage expansion. With this approach, they reliably obtained human ESC-and iPSCderived populations of >40% cardiomyocyte purity [35] . An advantage of this protocol is that they identified the specific stage at which a multipotent cardiovascular progenitor cell could be isolated. Keller and colleagues showed that these progenitors give rise not just to cardiomyocytes, but also endothelial and vascular smooth muscle cells [35] , making them an attractive source of cells for study in cardiac tissue engineering and cell-based cardiac repair.
3.3.5. Hybrid approaches and chemically defined protocols-Although the preceding directed differentiation protocols involving growth factors and defined media represented a major advance over earlier non-directed ("spontaneous") EB-based methods (as in section 3.3.2), they nonetheless have significant limitations. The efficacy of these protocols varies somewhat from line to line even in experienced hands, plus the high cost of recombinant growth factors imposes a challenge to cost-effective scalability [32, 54] . In an effort to reduce variability and cell production costs, a number of investigators have sought to identify small molecule alternatives to recapitulate the signaling described above. For example, the small molecule CHIR99021 is a glycogen synthase kinase 3β inhibitor that mimics Wnt signaling and stimulates mesoderm induction in human PSCs [55] . Lian and colleagues explored directed cardiac differentiation based on temporal Wnt signaling modulation with CHIR99021, followed sequentially by the small-molecule Wnt inhibitors IWP-2 and IWP-4 [56, 57] . By this approach, they were able to guide human ESCs into populations of 82-98% pure cardiomyocytes ( Figure 2E ) [56, 57] . Importantly, these authors were able to obtain similar cardiac differentiation efficiencies using dishes coated with Matrigel and Synthemax, a synthetic surface. In another step toward a protocol with high translational potential, Burridge and colleagues have reported cardiac differentiation methods involving entirely chemically-defined reagents ( Figure 2F ) [58] . They also found no difference between Matrigel and Synthemax across multiple human PSC lines. They reported cardiomyocyte purities of routinely >90% using this approach with an average yield of 44 cardiomyocytes for every starting undifferentiated human PSC. Finally, a "hybrid" protocol has been described that combines sequential activin A and BMP4 treatment, supplemented by early Wnt activation using CHIR99021, followed later by Wnt inhibition with XAV939, a small-molecule tankyrase inhibitor ( Figure 2G ) [59] . In our experience, the latter methods significantly reduce both the cost of cardiomyocyte production and lot-to-lot variation in terms of yield and purity.
3.3.6. Embryoid body vs. monolayer differentiation-Some of the above directed differentiation protocols use an EB-based method while others use a monolayer-based method. Each of these methods has potential pros and cons that should be considered when choosing a differentiation method. On the one hand, monolayer-based methods may have practical advantages in that they are technically easier to perform, avoid aggregation and potential replating steps, and may allow more uniform exposure to exogenous soluble factors. On the other hand, EB-based methods provide a three-dimensional context that may more faithfully recapitulate the three-dimensional environment of the developing embryo. Finally, EB-based methods or at least protocols that involve the formation and culture of small aggregates of cells may be more amenable to scaled production via bioreactors (as described below in section 5.7).
Phenotype of human pluripotent stem cell-derived cardiomyocytes
The vast majority of published studies have examined human PSC-derived cardiomyocytes at relatively short timepoints, typically after only two to three weeks of culture under differentiating conditions. At this stage, these cells have an unambiguously immature phenotype, roughly akin to that of cardiomyocytes in the very early fetal heart. That said, the phenotype of human PSC-derived cardiomyocytes is obviously somewhat of a moving target, as the cells show progressive maturation with duration in culture, even in the absence of exogenous pro-maturation stimuli [60] [61] [62] [63] . Indeed, as the field has recognized the need to improve the maturation of these cells, a small but ever-increasing number of reports have examined their phenotype at later timepoints [27, [60] [61] [62] [63] [64] and/or after chemical or physical interventions intended to promote their maturation (discussed further in Section 5.1 below). In our own work [60] , we have found it convenient to distinguish between early-and latestage human PSC-derived cardiomyocytes, roughly corresponding to cultures at 3-5 weeks versus 12-15 weeks following cardiac induction, respectively. Because cardiomyocytes at these two stages show such dramatically different structural and functional properties [60] [61] [62] [63] 65] and because others in the field have embraced similar terminology [66] , we will use it in the following sections.
Size and structure
Ventricular cardiomyocytes in the adult human heart are large (~130 microns in length), brick-shaped cells with sarcomeres that are readily apparent by phase-contrast microscopy [67] . By contrast, early-stage human ESC-derived cardiomyocytes look quite distinct with much smaller dimensions (~15 × 10 microns) and typically a round or triangular shape [40, 60, 68, 69] . With time in culture, they become larger, longer, and more rectangular [60, 63, 69] . Desmosomes and gap junctions can be seen by electron microscopy in early-stage human ESC-derived cardiomyocytes [14] . The myofibrillary architecture of early-stage human PSC-derived cardiomyocytes is significantly different from that in adult ventricular cardiomyocytes with the former showing disorganized and relatively short (~1.68 microns) sarcomeres where present ( Figure 3A ) [14, 40, 60, 69] . Morphological maturation has been seen over time with late-stage human PSC-derived cardiomyocytes showing hypertrophy, elongation, greater myofibril density, increased sarcomeric content, better organized sarcomeres ( Figure 3B ) [60] and improved mitochondrial alignment [69] . In long-term culture (up to 180 days), human iPSC-derived cardiomyocytes from EB-based differentiation exhibit impressive ultrastructural maturation characterized by the appearance of mature Z-, A-, H-and I-bands, as well as more tightly packed, parallel-oriented myofibril arrays [70] . Concomitant with structural and functional maturation, proliferative capacity decreases, and nuclei positively labeled by [3H] thymidine or Ki-67 decreased from 50-60% in early-stage to <1% in late-stage human PSC-derived cardiomyocytes [69] .
Mechanical properties and force generation
Particularly for in vivo applications, human ESC-derived cardiomyocytes would ideally closely recapitulate the force generation capacity of adult human cardiomyocytes. It is often challenging to compare measures of force generation in the literature because of differences in preparation and experimental techniques [71] [72] [73] . The most common and straightforward comparisons that have been made between human adult ventricular and human PSC-derived cardiomyocytes have employed single-cell measurements, so we will focus on that data here. Most estimates have placed the maximal force generated by individual primary human ventricular cardiomyocytes in the range of 12 to 26 µN per cell (adapted from force measures reported in kN per cross-sectional area) [71, 73] . By comparison, Rodriguez and colleagues used a microarray post system to obtain force measurements of ~15 nN per cell for human iPSC-derived cardiomyocytes, a value that is approximately three orders of magnitude smaller than their adult counterparts [59] . Other investigators have used independent techniques to arrive at similar estimates of force generation in human PSCderived cardiomyocytes [74] or at least values within an order of magnitude of that reported by Rodriguez and colleagues [75, 76] . Some recent studies have suggested that the mechanical properties of these cells can be somewhat improved by maturation within a more biomimetic tissue-engineered patch [77] , but even these values are dwarfed by those reported for adult ventricular myocytes. In summary, even the most optimistic assessments suggest that the force generating capacity of human PSC-derived cardiomyocytes is approximately two-orders of magnitude smaller than in adult myocytes. The need to improve this parameter remains a major hurdle in the field.
Electrophysiology
There have been surprisingly few experimental measurements of the action potential (AP) properties of normal adult human ventricular myocytes, but the best available data suggest these cells have maximum diastolic potentials (MDPs) of ~−80 mV, AP amplitudes ranging from 100 mV to 135 mV, AP upstroke velocities (dV/dt max ) from 230 to 400 V/s, and AP durations to 90% repolarization (APD 90 ) from 280 to 400 ms [78] [79] [80] [81] . (The precise values for these parameters obviously vary with rate and location in the ventricles). By comparison, human PSC-derived cardiomyocytes show far greater heterogeneity and immaturity in their electrophysiological properties, especially in early-stage cultures. The cardiomyocytes that result from all currently available cardiac differentiation protocols are diverse in that they include cells with distinct ventricular-, atrial-and nodal-like action potentials and patterns of gene expression [5, 27, 40, 50, 64] . However, even if one corrects for this diversity and considers only the subset of human PSC-derived cardiomyocytes that would be classified as ventricular-like, these cells still exhibit more variable and immature action potential properties than their adult counterparts ( Figure 3C ). For example, Kamp and colleagues have studied ventricular-like cells from human ESCs [64] and iPSCs [27] and, while there was substantial variability, these cardiomyocytes typically had relatively depolarized MDPs (~-60 mV), narrow AP amplitudes (<100 mV), slow dV/dt max values (~15 to 50 V/s), and APD 90 of ~250 to 300 ms. As discussed further below in Section 5.3, this significant electrical mismatch with adult ventricular myocytes raises concerns about arrhythmogenic potential of human PSC-based cardiac therapies. Human PSC-derived cardiomyocytes are also distinguished from adult cardiomyocytes by their automaticity (spontaneous electrical activity). This is another indicator of their relative immaturity, as automaticity is a property of early fetal cardiomyocytes that later becomes restricted to specialized pacemaking centers such as the sinoatrial node. In our hands, early-stage human PSC-derived cardiomyocytes show automaticity at rates of ~100 beats per minute (bpm), while their late-stage counterparts fire at rates of less than 10 bpm or even lose automaticity altogether [60] . Underlying these differences in the rate and AP properties of human PSC-derived versus adult cardiomyocytes are corresponding differences in ion channel gene expression and function. In general, human PSC-derived cardiomyocytes are distinguished by their relatively low levels of the inward rectifier potassium current (I K1 ) [62, 82] and high levels of the pacemaker current (I f ) [62, 83] . The functional consequence is a relatively depolarized MDP and greater electrical instability. On the other hand, current densities reported for a number of other major ionic currents including the fast sodium (I Na ) [84] [85] [86] , the L-type calcium(I CaL ) [85, 87] , transient outward potassium (I to ) [82] and delayed rectified potassium (I Kr and I Ks ) currents [85] are not greatly dissimilar between human PSC-derived and adult cardiomyocytes; although in some instances there are more subtle differences in isoform expression and/or kinetics. Indeed, modeling experiments suggest that the singlecell electrophysiological properties of human PSC-derived cardiomyocytes could be largely "normalized" if they can be induced to have more adult-like expression levels of I K1 and pacemaking currents [88, 89] .
In addition to these important differences at the single-cell level, multicellular preparations of human PSC-derived cardiomyocytes also show significantly slower electrical propagation than their adult counterparts. Conduction velocity in two-dimensional cultures of human PSC-derived cardiomyocytes has been measured at anywhere from ~2 to 20 cm/s [90] [91] [92] . This is an obviously wide range (likely due in part to differences in cardiomyocyte purity), but all reported values are significantly less than the >50 cm/s reported for comparably formed monolayers of postnatal cardiomyocytes [93] . The slower conduction velocities exhibited by human PSC-derived cardiomyocyte cultures is likely a consequence of their smaller cell size, lower expression levels of the gap junction protein connexin-43, and isotropic cell orientation.
Calcium handling
Excitation-contraction coupling in adult mammalian ventricular cardiomyocytes is initiated by membrane depolarization and the opening of L-type calcium channels. The resultant calcium influx is amplified via calcium-induced calcium release (CICR) from sarcoplasmic reticulum (SR) stores that are gated by caffeine-and ryanodine-sensitive release channels (i.e. ryanodine receptors) [94] . Importantly, this CICR operates via a tight "local control" mechanism in which a local rise in cytosolic calcium following trans-sarcolemmal influx activates only nearby ryanodine receptors, rather than a regenerative, all-or-none calcium response throughout the cell. During systole, these localized calcium release events (calcium "sparks") summate to produce the "whole-cell" calcium transient and contraction. Moreover, because the involved L-type calcium channels are clustered in the transverse tubules (or ttubules) with ryanodine receptors immediately adjacent, these calcium sparks occur predominantly near the t-tubules and in register with the Z-line [95] . These mechanisms of excitation-contraction coupling distinguish adult mammalian ventricular cardiomyocytes from ventricular cardiomyocytes in fish and amphibians, in which cytosolic calcium transients result almost entirely from trans-sarcolemmal calcium influx (i.e. without significant amplification by CICR) [96] [97] [98] . Calcium handling is also different in mammalian cardiomyocytes that lack t-tubules (e.g. Purkinje fibers, atrial cardiomyocytes, and neonatal ventricular cardiomyocytes). In cardiomyocytes without t-tubules, there is an initial rise in cytosolic calcium near the plasma membrane at the periphery of the cell that then propagates more slowly throughout the cytoplasm by either diffusion or sequential CICR events [95] .
Very early reports suggested that human PSC-derived cardiomyocytes lack significant SR calcium cycling [99, 100] , implying mechanisms of excitation-contraction coupling similar to those operational in fish and amphibian hearts. However, our group and other investigators subsequently demonstrated that human PSC-derived cardiomyocytes do in fact have robust caffeine-and ryanodine-sensitive SR calcium stores [87, 101, 102] and that CICR in these cells operates via the aforementioned tight "local control" mechanism of adult ventricular cardiomyocytes [87, 102] . That said, there are important differences in the calcium handling properties of human PSC-derived versus adult cardiomyocytes. First, while reports have varied as to whether L-type calcium channels and ryanodine receptors are co-localized in human PSC-derived cardiomyocytes [87, 103] , they definitely lack a significant t-tubule network, resulting in spatially heterogeneous and incompletely synchronized calcium transients [103, 104] . Second, relative to their adult counterparts, human PSC-derived cardiomyocytes show greatly reduced expression and function of the SR calcium ATPase pump (SERCA) that mediates SR calcium reuptake, so they show correspondingly slower calcium transient kinetics during diastole [60, 100, 104] . Interestingly, SERCA expression and calcium transient kinetics in these cells can be somewhat improved by maturation over time in culture [60, 101] and/or electromechanical conditioning [105] . Human PSC-derived cardiomyocytes also express very low levels of calsequestrin, the most abundant calcium-binding protein in the SR of adult cardiomyocytes and an important component of a luminal SR calcium load sensor that regulates ryanodine receptor calcium release [106] . Of note, overexpression of calsequestrin in these cells has been shown to enhance their calcium handling properties, as evidenced by increases in calcium transient amplitude and kinetics [107] . Finally, while one recent report suggested that there may be important differences in calcium handling between human ESC-and iPSC-derived cardiomyocytes [104] , this observation has not been supported in subsequent work [6, 108] and so warrants further study.
Mitochondrial function and metabolism
A major metabolic switch occurs in the developing heart with glycolysis predominating in the fetal heart and fatty acid metabolism in the adult [109, 110] . This transition is accompanied by a tremendous increase in mitochondrial content, termed mitochondrial biogenesis, that results in mitochondria eventually occupying as much as 23% of total cell volume in the adult ventricular cardiomyocyte [111] . The corresponding changes in metabolism and mitochondrial biology during the differentiation and maturation of human PSC-derived cardiomyocytes are just beginning to be investigated. Interestingly, chemical enhancers of mitochondrial biogenesis have been shown to help promote mesendodermal differentiation in early human ESCs [112] . Although the relationship of mitochondrial biogenesis to cardiomyocyte-specific human PSC differentiation has not been specifically investigated, a recent study demonstrated that the number and surface area of mitochondria increased when human iPSCs differentiate into cardiomyocytes [113] . However, mitochondria still comprise only 7% of the cell volume in early-stage human iPSC-derived cardiomyocytes (after ~20 days of in vitro differentiation) [74] . The mitochondria in these cells appear immature with a long, slender morphology and a disorganized arrangement around the nucleus [114] . By contrast, late-stage human PSC-derived cardiomyocytes show more of the expected localization of mitochondria between the myofibrils [69] . This placement of mitochondria between the myofibrils is thought to promote more efficient diffusion of the high-energy phosphate to the myofibrils during muscle contraction. Interestingly, with reprogramming of somatic cells into human iPSCs, mitochondria revert to immature, embryonic-like structures [115] .
Mitochondrial metabolic function has only been studied in the mouse ESC-system, in which it shows significant changes during cardiogenesis. During cardiomyocyte differentiation, the energy source shifts from anaerobic glycolysis to mitochondrial respiration, along with an increase in the number of mitochondria [116] . This metabolic switch is required to meet the increasing energy demands of cardiomyocytes. In addition, amino acid and carbohydrate metabolism are most prominent in undifferentiated ESCs, whereas fatty acid metabolism predominates in mouse ESC-derived cardiomyocytes [116] , similar to the metabolism observed in adult mouse cardiomyocytes. Clearly, this is an area that needs further study with specific attention to the metabolic function of human PSC-derived cardiomyocytes.
Remaining obstacles to the successful translation of pluripotent stem cell-derived cardiomyocytes as a practical source of heart cells
Immature phenotype
In Section 4.1, we discussed one of the major limitations of currently available human PSCderived cardiomyocytes, their immature phenotype. Although we noted how their maturation does improve with prolonged duration in culture, this is a very slow process and even late-stage cardiomyocytes do not fully recapitulate the adult cardiomyocyte phenotype. For example, as noted above, late-stage human PSC-derived cardiomyocytes still have somewhat depolarized MDPs [27, 64] , lack t-tubules [103, 104] , and exhibit reduced mitochondrial mass and function [74, 114] . To address this limitation of phenotypic immaturity, the field is actively exploring new approaches to accelerate and/or enhance their maturation in vitro. These pro-maturation strategies can be broadly divided into three categories: treatment with chemical agents such as growth factors, electromechanical conditioning, and culture within more biomimetic environments (e.g. three-dimensional tissue engineering) [61, 68, 74, 77, 117, 118] . These approaches are obviously not mutually exclusive, and we speculate that the most efficacious maturation scheme will likely incorporate elements of all three.
One example of a chemical factor that has been shown to promote the maturation of human PSC-derived cardiomyocytes is the thyroid hormone triiodothyronine (T3). The treatment of these cells with T3 promotes increases in cardiomyocyte size, anisotropy, and sarcomere length, as well as robust increases in the kinetics of calcium release and reuptake, maximal contractile force generation, and the kinetics of contraction. T3 also significantly increases maximal mitochondrial respiratory capacity, without changing mitochondrial DNA copy numbers [74] . Of note, T3 is present in the serum substitute, B-27 (Life Technologies), which is used as a media constituent in multiple directed cardiomyocyte differentiation protocols. Other factors have been reported to promote the maturation of at least some parameters in cardiomyocytes from mouse or human PSCs include neuregulin [119, 120] , angiotensin II [63] , and the alpha-adrenergic agonist phenylephrine [63] . Finally, while it has been suggested that non-myocytes secrete as yet undefined factors that favor human PSC-derived cardiomyocyte maturation [61] , our own data demonstrate that these factors are not absolutely required for maturation [60] .
It has been known for many years that electromechanical stimulation promotes the maturation of primary neonatal cardiomyocyte cultures [121] [122] [123] , so this intervention represents a logical strategy for enhancing the maturation of human PSC-derived cardiomyocytes as well. Indeed, when exposed to chronic electrical pacing, human iPSCderived cardiomyocytes respond by elongating, assuming a higher cytoplasm-to-nucleus ratio, and forming better organized sarcomeres with visible M-bands by electron microscopy [117] . The latter structural changes are accompanied by evidence of functional maturation including an ~50% increase in force generation, reduced automaticity, a rightward shift of the Ca 2+ -response curve, and an increased inotropic response to β-adrenergic stimulation [117] . Nunes and colleagues have recently described similar structural and functional maturation following the electrical stimulation of human iPSC-derived cardiomyocytes cultured in collagen hydrogel "biowires" [124] .
Human ESC-derived cardiomyocytes grown in three-dimensional patches even without electrical stimulation exhibit improved maturation compared with those in two-dimensional arrangements, as evidenced by their former's higher conduction velocities, longer sarcomeres, higher maximal contraction amplitudes, and enhanced expression of genes involved in cardiac contractile function, including cardiac troponin T, α-myosin heavy chain, calsequestrin, and sarcoendoplasmic reticulum ATPase [77] . Engineered human cardiac tissues made of human ESC-derived cardiomyocytes mixed with collagen and cultured on three dimensional elastomeric devices exhibit microstructural features, mRNA expression, and electromechanical properties comparable to neonatal human myocardium [118] . For more details about physical cues and maturation, the reader is referred to a recent review by Zhu and colleagues 2014 [125] .
Cardiomyocyte subtype diversity
All currently available cardiac differentiation protocols for human PSCs produce a mixture of different cardiac subtypes, e.g., ventricular, atrial, nodal and Purkinje cardiomyocytes [22, 50, 64, 119, 126] . Although ventricular cardiomyocytes usually predominate and increase in abundance over time [70, 127] , this subtype diversity nonetheless represents a significant challenge for most in vitro and in vivo applications, in which a highly purified population of ventricular cardiomyocytes would better recapitulate the ventricular myocardium being modeled or replaced. The delivery of a high fraction of nodal cells to a recently infarcted heart might increase the risk of graft-related arrhythmias. Conversely, a number of investigators have envisioned employing human PSC-derived cardiomyocytes in the creation of a biological pacemaker, and, for this application, cells with a stable nodal phenotype would obviously be desirable [128, 129] .
With this in mind, our group and others in the field have worked to identify methods to reliably guide the differentiation of human PSCs not just into cardiomyocytes but into specific cardiac subtypes. These efforts build on decades of prior work in developmental biology aimed at understanding the signaling pathways that regulate this specialization (for a comprehensive recent review, please see Rana and colleagues 2013 [130] ). A large number of transcription factors have been implicated in this process including Nkx2.5, Isl1, Hand1/2, Irx4, Cited1, COUP transcription factor-2, CHF1/Hey2, and the T-box family among many others [131] [132] [133] [134] [135] [136] [137] [138] [139] [140] [141] [142] , and a subset of these have been manipulated in the PSC system. For example, in differentiating mouse ESC-derived cardiomyocytes, Nkx2-5 represses Isl1 resulting in ventricular cardiomyocyte formation [143] . When Nkx2-5 is not present, the Isl1+ cells have a greater propensity to become nodal cells [143] . Overexpression of the transcription factor SHOX2 has also been shown to promote nodal differentiation in the mouse ESC system [144] .
A number of growth factors have also been shown to regulate cardiac subtype specialization in the PSC system including neuregulin [119, 145] , endothelin [146] , retinoic acid (RA) [147, 148] and canonical Wnts [126, 149] . Our group has shown that endogenous neuregulin normally drives ventricular maturation in differentiating human ESC-derived cardiomyocyte cultures, but that inhibition of neuregulin (with either a small molecule antagonist or a neutralizing antineuregulin antibody) greatly increases the proportion of cardiomyocytes with a nodal phenotype [119] . Interestingly, neuregulin stimulation has been shown to drive the conversion of committed ventricular cardiomyocytes into Purkinje fibers in mouse embryo cultures [145] , inviting speculation that this signal might be able to mediate similar effects in human PSC-derived ventricular cardiomyocytes if appropriately timed. Interestingly, Maass and colleagues recently described the successful isolation and tracking of mouse ESC-derived cardiac Purkinje cells based on the marker contactin-2 [150] , and this might be a useful tool for testing this hypothesis.
Retinoic acid (RA) and Wnt signaling appear to play a critical role in determining atrial versus ventricular cardiomyocyte fate in differentiating PSCs [147, 148] . Ma and colleagues reported that the treatment of human ESC-derived cardiomyocytes with a pan-RA receptor antagonist produce an increase in the fraction of ventricular-type cells based on AP profiling and expression of the ventricular markers Mlc-2v and Irx4 [148] . Conversely, treatment with RA seems to favor atrial differentiation in human and mouse ESCs [147, 148] . Hudson and colleagues found that treating differentiating human ESC cultures with two different smallmolecule Wnt inhibitors, IWP-4 and IWR-1, results in cardiomyocyte populations with differing expression levels of the atrial marker Mlc-2a and the ventricular marker Mlc-2v [149] . Another groups found that treatment with IWR-1, 4.5 days after induction of differentiation with activin A, resulted in 100% ventricular cardiomyocytes based on action potential phenotyping [126] . More work is required to dissect the pharmacological basis of these intriguing differential responses to Wnt inhibitors, and more rigorous phenotyping should be applied (including comprehensive electrophysiological endpoints).
Arrhythmogenesis
One major rationale for obtaining highly purified ventricular cardiomyocytes from human PSCs is that the transplantation of these cells might prove less likely to promote dangerous tachyarrhythmias than with the transplantation of cell preparations including significant quantities of nodal or other non-ventricular cardiomyocytes. There is good reason for this concern: the introduction of a population of cells with sustained pacemaking activity and the unique neurohormonal responsivity of nodal tissue could indeed induce ventricular ectopy. However, there are actually multiple mechanisms by which PSC-derived cardiac grafts (even if highly ventricular cardiomyocyte-enriched) could promote electrical instability, and the risk of graft-related arrhythmias has emerged as arguably the greatest barrier to the successful development of PSC-based cardiac therapies.
The principal advantage of PSC-derived cardiomyocytes over other candidate cell types that have been considered for use in cell-based cardiac repair is that these cells are capable of "remuscularizing" the infarct scar with functionally integrated new force-generating units [151] . Our group provided the first direct evidence that human ESC-derived cardiomyocytes can couple electrically and contract synchronously with host myocardium following transplantation in both intact and injured hearts [152] [153] [154] [155] . However, this capacity of human PSC-derived cardiomyocytes for electromechanical integration is a double-edged sword. The graft myocardium obviously needs to integrate and activate synchronously with the host to restore the lost systolic function. On the other hand, electrically-integrated graft tissue could promote arrhythmias, particularly when that graft tissue has the relatively immature electrophysiological properties discussed in Section 4.3. As noted above, all human PSCderived cardiomyocytes exhibit some degree of automaticity, at least at early timepoints, so even nodal-depleted grafts represent a potential source of ventricular ectopy. Moreover, in vitro and in silico models suggest that ectopic foci firing at rates slower than the host sinus rhythm may be capable of driving tachyarrhythmias under conditions likely to arise in graft tissue including poor coupling, source-sink electrical mismatch and/or network heterogeneity [156, 157] . PSC-derived cardiomyocytes could also be prone to afterdepolarizations and triggered arrhythmias [158] , particularly if stressed during the initial period post-transplantation (e.g. by ischemia).
Reentry is another plausible mechanism for graft-related arrhythmias, since human PSCderived cardiomyocyte grafts exhibit several properties expected to favor its initiation. Our group has used optical methods to examine propagation in graft tissue and have obtained estimates of graft conduction velocity that are substantially slower than that in host myocardium [152, 153] . This is perhaps not surprising given that human PSC-derived cardiomyocytes are relatively small, immature cells with low levels of isotropically distributed connexins [46, 152, 153, 159, 160] . They also form irregular strands of graft muscle that represent abnormal conduction pathways, and their intrinsic electrophysiological heterogeneity seems likely to result in non-uniform repolarization properties within the graft, further exacerbating the risk of electrical instability.
These concerns about graft-related arrhythmias based on first principles were recently confirmed by our group following the intra-cardiac transplantation of human ESC-derived cardiomyocytes in a large animal model [154] . While our early work in a small animal model had suggested these cells might exert an arrhythmia-suppressive effect [152] , we found that their transplantation in a non-human primate infarct model resulted in transient bouts of ventricular tachycardia [154] . While these events were non-lethal and seemed to greatly dissipate by 2 to 3 weeks post-transplantation, their occurrence nonetheless underscores the need to obtain human PSC-derived cardiomyocytes with more mature electrophysiological properties, better matched to that of the recipient heart.
Teratomas and karyotypic abnormalities
A major concern that must always be considered with any potential clinical therapies based on PSCs is the risk of tumorigenesis. Indeed, undifferentiated PSCs are operationally defined by their ability to give rise to teratomas (i.e. benign tumors including elements of all three embryonic germ layers) following transplantation into immunodeficient mice. Although some early studies suggested that the heart may be a cardio-instructive environment capable of efficiently guiding undifferentiated ESCs into cardiomyocytes [161, 162] , it is now accepted that this is not the case and the intra-cardiac injection of PSCs instead gives rise to the expected teratomas [163, 164] . On the other hand, there is now a large number of studies in which investigators have transplanted enriched populations of human PSC-derived cardiomyocytes [152-154, 159, 165-169] . In all of these instances, cardiomyocytes successfully engrafted, but no teratomas were detected. Importantly, this includes transplantation studies from our group involving the delivery of ~10 8 and ~10 9 human ESC-derived cardiomyocytes to injured guinea pig and primate hearts, respectively [152] [153] [154] . This suggests that there may be minimal risk of teratoma formation even when injecting large quantities of cells, as long as they are of sufficient cardiomyocyte purity. In sum, while more study is required (including experiments involving large doses of cells and a longer duration of follow-up), early experience in the field has been reassuring with regard to the risk of teratomas. Moreover, if it is determined that guided differentiation protocols still leave an unacceptable level of non-myocytes, the field has identified a number of cardiomyocyte-specific cell surface markers suitable for magnetic-and/or fluorescenceactivated cell sorting [170, 171] .
That said, even if safety concerns about teratoma formation can be addressed, vigilance is still needed. PSCs also show significant karyotypic instability with prolonged duration in culture [172] , raising separate concerns about potential neoplastic transformation and/or dysregulation of gene expression [173, 174] . This may be less problematic for in vitro applications such as disease modeling or drug screening, but it would be potentially devastating in the context of clinical PSC-based therapies. The frequency of such chromosomal alterations is highly variable and appears to be a function of both cell line and culture conditions. Taapken and colleagues found karyotypic abnormalities in about 13% of 1715 cultures analyzed from 259 different human PSC lines [172] . Of note, they found human ESC cultures with abnormal karyotypes as early as after three passages postderivation and normal karyotypes as late as after 240 passages. While they did not find a set of karyotypic abnormalities common to both human ESCs and iPSCs, the abnormalities in cultured human PSCs differed from those observed in human embryos [175] .
As discussed in Section 2, naïve human ESCs may be less prone to developing karyotypic abnormalities than primed-stage human ESCs and human iPSCs. Indeed, Ware and colleagues reported that the Elf1 naïve human ESC line was still karyotypically normal after more than 90 passages [16] . Gafni and colleagues demonstrated karyotypic stability in their naïve human ESCs for at least 46 passages and in human iPSC cultures grown in naïve human ESC culture conditions for over 50 passages [19] . However, enthusiasm is somewhat tempered by the experience of Theunissen and colleagues, who reported finding karyotypic abnormalities in both human ESCs converted to the naïve state as well as in embryo-derived naïve human ESCs [18] . The three naïve human ESC lines are very new and were each derived under somewhat different conditions, so more investigation will be necessary to determine if these cells represent a solution to the challenge of human PSC karyotypic stability.
Immune rejection
Although human PSC-derived cardiomyocytes have shown considerable promise in preclinical models of myocardial infarction, most of these studies have employed immunodeficient or heavily immunosuppressed animals [46, 152, 154, 160] . While it is possible that PSC-based therapies will evoke a less robust immune reaction than wholeorgan transplantation (particularly if the injectate is devoid of antigen-presenting cells such as endothelial cells) [176, 177] , the successful clinical translation of these cells will undoubtedly require dealing with the immune system. Conventional pharmacological immunosuppression could be employed, but this approach would bring along with it increased risks of infection and malignancy [178] . It would very likely limit the target patient population for PSC-based cardiac therapies to the end-stage heart failure patient that is currently considered appropriate for heart transplantation. This strategy would likely also require the banking of diverse human leukocyte antigen (HLA) typed PSCs, and many dozens of human PSC lines would be needed to ensure a reasonable chance of a suitable match even in patient populations with relatively low ethnic diversity [179, 180] . (For example, it has been estimated that a bank of ~150 lines would suffice to match >90% of the population in the United Kingdom with minimal requirement for immunosuppression.) The size of such a bank could be possibly reduced by the use of HLA-homozygous ESCs derived from human parthenogenetic blastocysts [181] .
It is theoretically possible to create autologous cell-based therapies for every person with iPSC technology, but the cost to create, test, and store these human iPSCs would be prohibitive in reality. There are also practical regulatory hurdles to individualized iPSCbased therapies [182] . Moreover, there have been conflicting reports regarding the ability of syngeneic iPSCs to avoid immune rejection in the first place. In a provocative study, Zhao and colleagues transplanted mouse iPSCs (generated via non-integrating reprogramming methods) into syngeneic recipients and reported that the resultant teratomas evoked a brisk immune response, including T-cell infiltration [183] . Liu and colleagues described similar immune rejection following the transplantation of iPSCs and iPSC-derived cardiomyocytes in syngeneic mice [184] . On the other hand, more recent work in the field has called into question the veracity of the preceding reports. For example, Guha and colleagues performed similar transplantation experiments into syngeneic recipients and did not find any evidence of immune rejection using cells derived from three mouse iPSC lines [185] , including one line previously employed by Zhao and colleagues. Similarly, Araki and colleagues generated ten mouse iPSC and seven mouse ESC lines and found no difference in the immunogenicity of iPSCs versus ESCs in syngeneic recipients [186] .
A number of other strategies to overcome immune rejection of human PSC-based therapies have been envisioned. For example, combined blockade of T-cell activation using cytotoxic T lymphocyte antigen 4-immunoglobulin (CTLA4-Ig) fusion protein and anti-LFA-1 (costimulatory ligand) has been shown to improve human ESC-derived cardiomyocyte engraftment in mouse models [187] . Cardiomyocytes derived from human ESCs expressing CTLA4-Ig and programmed death ligand-1, a T-cell inhibitory protein, evoke a significantly reduced immune response when transplanted into mice with humanized immune systems [177] . The induction of immune tolerance via the transplantation of human ESC-derived dendritic cells has also been suggested as a possibility [188] . Another strategy to evade Tcell activation is through the knockdown of HLA-class I proteins as shown with human ESC xenotransplants into mice [189] . Lu and colleagues disrupted β-2 microglobulin in human ESCs and generated a cell line that has impaired surface expression of HLA-class I proteins [190] . They showed that cells derived from these human ESCs were less immunogenic when assayed with human peripheral blood mononuclear cells. This last approach may provide a "universal donor" human ESC line.
While the wide range of options for overcoming graft cell rejection gives reason for optimism, the precise nature and strength of the immune response to allogeneic PSCs or PSC-derived cardiomyocytes in humans remains unknown. Given this, while much has been learned from xenotransplantation experiments, the field needs to undertake more studies involving PSC-derivatives in allogeneic recipients (for example, allotransplantation of primate PSC-derived cardiovascular progenitors into immunosuppressed non-human primate recipients [191] ).
Epigenetic modifications
Epigenetic modifications may limit the ability of human PSCs to differentiate into cardiomyocytes or specific cardiomyocyte subtypes, which would diminish their utility as a source of heart cells. Early-passage mouse iPSCs retain some of the epigenetic modifications of the cell from which they were derived, and these iPSCs differ in their overall differentiation potential [192] . Human iPSCs generated from cardiac progenitor cells have been reported to have a greater cardiomyocyte differentiation efficiency than iPSCs from dermal fibroblasts, although these differences appear to lessen with prolonged duration in culture in the undifferentiated state [193] . Leschik and colleagues demonstrated that the activating histone 3 lysine 4 trimethylation marks and the repressive histone 3 lysine 27 trimethylation marks on cardiac-related transcription factors differed between two human ESC lines with different cardiac potential [21] . An improved understanding of how epigenetic modifications regulate cell state might provide new opportunities to manipulate the cardiac differentiation of PSCs, their fate decisions with regard to cardiac subtype specialization, and subsequent maturation. Consistent with this, the treatment of differentiating human ESC-derived ventricular cardiomyocytes with a histone deacetylase inhibitor, which increases DNA accessibility for transcription factors, resulted in a larger cell size and increased expression of calcium-handling and ion channel genes [194] . Given the dynamic nature of epigenetic modifications on human PSCs and their association with differences in differentiation potential, further study will be required if we are to use the epigenetic regulation of DNA to our advantage.
Scalability and clinical grade production
The average human heart contains approximately 4 billion cardiomyocytes [195] , and the typical infarct involves the loss of approximately one-quarter of these cells, a situation that all too often initiates progressive heart failure [196] . Human PSC-derived cardiomyocytes do proliferate in vivo [46, 159, 197] , but any such expansion is at least counterbalanced by cell death shortly post-transplantation [198] . Therefore, the delivery of ~1 billion cardiomyocytes per patient does not seem unreasonable if remuscularization is the therapeutic goal. Our group recently demonstrated the feasibility of cardiomyocyte production and transplantation at this scale in a preclinical study in the non-human primate model [154] . While this study provided useful proof-of-concept, our approach to cell production was highly labor-intensive, expensive and not clinical grade. To obtain the required numbers of cells, we employed the monolayer-based cardiac differentiation protocol described above in Section 3.3.2 and harvested approximately one-dozen 150 cm 2 flasks of human ESC-derived cardiomyocytes to obtain the cell dose for each primate. Cardiomyocytes were prepared ahead of time and cryopreserved until shortly before injection, using methods previously shown to result in reasonable viability [199] .
While the preceding methods suffice for early preclinical work, they are obviously not suitable for the large-scale and clinical-grade production that would be required for eventual human patients. To meet this challenge, a number of groups have turned to the use of suspension culture systems that have become the standard for industrial-grade production of other cell types. Indeed, suspension bioreactor-based systems have been used to grow large scale numbers of human PSCs (with yields of ~1-10 ×10 7 cells per flask) [200] and to produce significant quantities of human PSC-derived cardiomyocytes (~0.4 -1 × 10 6 cells/ml) at cardiac purities of up to 85% using cyclic perfusion feeding [201] . However, the efficiency of differentiation of human PSCs in suspension systems has been variable [201] [202] [203] [204] . Correia and colleagues differentiated human iPSCs to cardiomyocytes using the Cellbag™-WAVE bioreactor (GE Healthcare) in 4% oxygen, rather than continuous or intermittent agitation in a stirred-tank bioreactor [205] . They reported obtaining a purity of ~75% and an impressive yield of 60 cardiomyocytes per input undifferentiated cell. In short, while much more work remains to be done, the field can clearly generate quantities of human PSC-derived cardiomyocytes that would have seemed impossible only a decade ago.
Conclusions
Human pluripotent stem cells present an exciting opportunity for basic research into various diseases, the discovery of new therapies and mechanisms, and possibly providing a cure to conditions that today are considered chronic. These opportunities exist because of the hard work of multiple investigators leading to the isolation of PSCs, first from the mouse and then later from humans, followed by the development of robust protocols for cardiomyocyte generation. However, as discussed in Section 5, a number of major hurdles must be overcome before the full potential of these cells can be realized. On the other hand, the field has moved remarkably fast, and there are exciting technologies on the horizon that promise to accelerate scientific discovery and unlock new possibilities. For example, the emergence of novel biomaterials and tissue bioengineering technologies seem likely to greatly improve the efficiency of cardiac differentiation and maturation. By employing insights from genome sciences and bioinformatics, the field hopes to decode the "program" of epigenetic modifications and deconstruct cellular regulatory networks that will bring us one step closer to being able to create very specific cellular states. Recent reports describing the direct reprogramming of unrelated somatic cell types (e.g. fibroblasts) into cardiomyocytes both in vitro and in vivo support the feasibility of this approach [206] [207] [208] Human PSCs can be isolated from the inner cell mass (ICM) of human blastocysts or generated by the reprogramming of somatic cell types via the forced expression of transcription factors (e.g. Oct4, Sox2, Klf4 and c-Myc). Using available protocols, undifferentiated PSCs can be efficiently guided into mesodermal progenitors, more restricted multipotent cardiovascular progenitor cells, and ultimately the various parenchymal cell types that populate the heart, including cardiomyocytes. Work is also ongoing to further control their differentiation into specialized cardiac subtypes including ventricular, atrial and nodal cardiomyocytes. Table 1 Comparison between two main pluripotent stem cell types as potential cardiomyocyte sources.
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